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Abstract 
The optical properties of a novel potential high-efficiency photovoltaic material have been studied. This material is based on a chalcopyrite-
type semiconductor (CuGaSa) with some Ga atom substituted by Ti and is characterized by the formation of an isolated transition-metal band 
between the valence band and the conduction band. We present a study in which ab-initio density functional theory calculations within the 
generalized gradient approximation are carried out to determine the optical reflectivity and absorption coefficient of the materials of interest. 
Calculations for the host semiconductor are in good agreement with experimental results within the limitations of the approach. We find, as 
desired, that because of the intermediate band, the new Ti-substituted material would be able to absorb photons of energy lower than the band-gap 
of the host chalcopyrite. We also analyze the partial contributions to the main peaks of its spectrum. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 
The interest in chalcopyrite-type semiconductors has 
increased in recent years due to their technological applications. 
Of particular interest to us is the compound CuGaS2. Because 
its band-gap lies in the visible part of the spectrum, one of its 
more interesting applications is in photovoltaic devices. As a 
consequence of these characteristics, several experimental data 
are available for this material, allowing us to check the 
theoretical results of this work. 
In a recent work, we proposed transition metal-substituted 
chalcopyrites (Cu4MGa3S8, with M=Ti, V, Cr and Mn) as 
candidates for presenting an isolated partially-filled narrow 
band between the valence band and the conduction band of 
the host semiconductor In practice, this transition 
metal band would allow this material to be used in high-
efficiency solar cells because of the absorption of sub-band-
gap energy photons. The concept of an intermediate-band 
solar cell is based on this efficient use of the solar spectrum, 
which could increase the efficiency of the cell up to 63.1% 
More recently, calculations of the stability of this kind of 
material at different dilutions [4] have shown that when the 
transition metal is Ti, it is of particular interest. Experimental 
preparations of these materials as thin films have already been 
initiated. 
The main contribution of the present work is the 
detailed study of the optical reflectivity and absorption 
coefficient of Ti-substituted CuGaS2 as a promising high-
efficiency solar cell material. We will also identify the 
transitions responsible for the different structures in the 
optical conductivity. 
All our calculations are based on density functional theory 
(DFT). In general, a high-quality description of the frequency-
dependent functions would require methods beyond DFT, 
however DFT can provide optical spectra in qualitative 
agreement with experiments. The purpose of this work is to 
confirm the effect of the enhancement in the optical properties 
of the material resulting from the intermediate transition metal 
band. 
2. Basic theory and method 
The crystal structure of our Cu4TiGa3S8 model is 
generated by the vectors of the body-centred tetragonal 
CuGaS2 cell (a, b, c), according to the equations a' = (a+b + 
c) I 2, b' = (a+b + c) I 2, a' — {h — a) This tetragonal 
structure is responsible for the two independent components 
of the optical spectra, since the magnitude of the optical 
properties depends on the polarization of the photons. The 
first component corresponds to the polarizations along the x 
and y axes (labelled as £_L, it is the average of the x and y 
contributions) and the second one is due to the polarization 
in direction z (e||). 
The electronic ground state of each material was calculated 
using DFT in the generalized gradient approximation (GGA), 
relaxing lattice parameters and ionic positions and allowing spin 
polarization. The tolerance for atomic forces in both relaxations 
was 0.01 eV/A. All our calculations were carried out with the 
plane-wave code VASP and using projector augmented wave 
(PAW) pseudopotentials 
Furthermore, we need to obtain values for the two different 
components of the real and imaginary parts of the dielectric 
function. Therefore, it is necessary to obtain the components 
of the frequency-dependent dielectric tensor first, both the 
imaginary and the real part. The expression for the imaginary 
part can be written as the sum over occupied and unoccupied 
states in Eq. (1). 
knn' a 
where functions i/»„ko- and if'n'ka a r e the crystal wavefunctions 
corresponding to the initial and final states at the k-point k. 
We use the wavefunctions previously obtained in the ground 
state calculations, e, m, and Q are the electron charge, its 
mass and the volume of the unit cell respectively. f^a is the 
Fermi distribution. To get a converged frequency-dependent 
dielectric tensor, the Brillouin zone has been sampled using 
12x12x12 Monkhorst-Pack grids including the gamma 
point. Within the notation noted above, we define £ — 
(ef}+2 ESP) / 3. 
The real part of the dielectric tensor can be then obtained 
from the imaginary part by the Kramers-Kronig relations 
Eq. (2). 
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(p indicates the principal value of the integral and r\ is an 
infinitesimal number). Further details on this method can be 
found in references The integration range used to 
reach convergence in the dielectric function was 25 eV. 
Once the dielectric function is obtained, many other inter-
esting optical properties can be deduced. For photovoltaic pur-
poses, we are particularly interested in absorption coefficients 
and reflectivities. 
In this work, we only consider interband and direct tran-
sitions, and no local-field effects are taken into account. Since 
indirect transitions involve three particles, we may expect that 
the contribution of these transitions would be much lower than 
that of the direct ones. 
3. Results and discussions 
3.1. Host CuGaS2 semiconductor 
Full relaxations of the host CuGaS2 structures have been 
carried out previous to the study of the optical properties. A 
reasonable agreement with experimental results is obtained. The 
body-centred tetragonal structure of the chalcopyrite shows a 
lattice constant a of 5.382 A and cla ratio of 1.981. Reference 
shows experimental values of 5.34 A and 1.98, we also 
compare our results with those of Laksari their 
theoretical calculations (within the local density approximation 
LDA) lead to values of 5.263 A and 1.972. These differences 
are acceptable, using the GGA approach which, as is well 
known, overestimates the structural constants. 
In order to get the best optical spectra within our approach, 
we need high-quality electronic properties. These electronic 
properties of both the host and the Ti-substituted chalcopyrite 
were obtained recently by our group. 
In this 
respect, the calculated GGA band-gap is 0.68 eVas compared to 
the experimental value of 2.43 eV This is not surprising, 
since it is well known that the LDA and GGA are not suitable for 
treating excited states of a material and so they underestimate the 
value of the band-gap of the semiconductors. Our aim is to 
obtain the frequency-dependent dielectric function. However, 
both the real and the imaginary parts of the dielectric function 
have a high dependence on the value of the band-gap. To 
overcome this problem, a scissor operator is applied to adjust the 
band-gap from our calculation to match the experimental value. 
The dielectric function determines the optical properties 
studied. In Fig. 1 we show the absorption coefficient and 
reflectivity of the CuGaS2 host semiconductor in both 
polarizations, compared with available experimental results 
determined by spectroscopic ellipsometry. Ab-initio 
calculations share a difficulty in predicting both the intensities 
and the peaks positions in the optical spectrum , Keeping 
this in mind, our results can be considered in good agreement 
with experimental measurements as well as with other 
theoretical results The main differences in the spectra 
concern the positions of the peaks as well as their intensities, 
whereas the general shape of the curves are very similar. 
Regarding the reflectivity (K), we know that a smaller 
energy band-gap yields a larger value of e(1)(0), and thus a 
larger R. The use of the scissor operator partially solves this 
problem but as we can see in Fig. 1 even with the scissor 
correction, the calculated reflectivity is still higher than the 
experimental spectrum. This may be due to the neglect of the 
local-field effects, since local-field effects usually reduce the 
intensity of the peaks Besides, within our approach, 
some additional parameters should be considered as potential 
sources of error, as we are only taking into account direct and 
interband transitions. 
Another interesting optical parameter is the refractive index 
at the zero frequency limit «(0), and this property is also highly 
dependent on the value of the band-gap. In Table 1 we present 
the results of our calculations of «(0) both with and without the 
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Fig. 1. Absorption coefficient and optical reflectivity of chalcopyrite CuGaS2 as 
calculated by the first principles DFT-GGA methods. Experimental measure-
ments by Alonso A scissor operator is applied to make the theoretical 
band-gap match the experimental value. Symbols -*- and | denote the two 
independent components of the functions. 
scissor operator and compared with the experimental values 
stated by Boyd and theoretical results of Laksari 
The values shown in this table are a clear justification of the 
use of the scissor correction. 
These results presented for the CuGaS2 will be used to 
compare with the Cu4TiGa3Sg spectra and to confirm the 
increase of the absorption of low-energy photon on which the 
intermediate-band concept is based. 
3.2. Ti-substituted CuGaS2 
The results of Ti substituting a Ga atom in the unit cell 
(Cu4TiGa3S8) were obtained using the same procedure. This 
alloy has a Ti atom dilution level of 12.5%. After a structural 
optimization, a detailed study of the electronic properties was 
carried out and the results were compared with those of previous 
works , The absorption coefficient and reflectivity are 
Table 1 
Refractive index of the CuGaS2 n(0) and its two independent components: 
n_i_(0) and »| |(0), both with and without the scissor correction and compared with 
experimental and other theoretical results 
«(0) HJ_(0) «||(0) 
GGA 
GGA with corrections 
Experimental [15] 
Other work [9] 
3.204 
2.724 
2.417 
2.62 
3.207 
2.729 
2.412 
2.611 
3.198 
2.715 
2.427 
2.623 
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Fig. 2. Theoretical absorption coefficient and optical reflectivity of the 
intermediate-band material Cu4TiGa3 S8 in both components of the polarizations, 
-L and ||. 
obtained and presented in Fig. 2, in both kinds of polarization. 
In the present case, the anisotropy is less pronounced than in the 
case of the host chalcopyrite. This happens because of the 
slightly different structure of both compounds. In some cases, 
symmetry forbids transitions in one polarization, for example 
we can see that the first peak in the absorption spectrum in Fig. 
2 is only due to the perpendicular polarization. This first peak 
can be attributed to transitions inside the intermediate band as 
we will see below. These transitions are also responsible for the 
low-energy fluctuations in the reflectivity spectrum, because of 
the metallic character of the intermediate band. 
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Fig. 3. Partial contributions of the four different kinds of transitions to the total 
optical conductivity of Cu4TiGa3S8. 
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Fig. 4. Absorption coefficient and optical reflectivity of the intermediate-band 
material Cn4TiGa3S8 compared with those of the host CuGaS2. In this case we 
represent the average of the three components of the polarization. No scissor 
correction is applied. 
For photovoltaic purposes, it is very interesting to 
determine which transitions contribute to each peak in the 
spectra; this allows us to understand the effect of the 
intermediate band in the absorption. We have made a detailed 
analysis of these partial contributions by means of the optical 
conductivity a, which relates to the imaginary part of the 
dielectric function according to a ^ coeS2*, Fig. 3 shows 
partial conductivities related to direct transitions being: from 
the valence band (VB) to the conduction band (CB), which are 
responsible for the main contribution; from the VB to the 
intermediate band (IB), with onset energy at about 1 eV; from 
the IB to the CB, which begins at energy 0.4 eV; and finally 
transitions inside the intermediate band, the first peak in the 
energy range 0-0.4 eV This figure helps in the understanding 
of the effect of the intermediate band since it shows the 
expected increase in the absorption of low-energy photons and 
that the enhancement is produced because of the transitions 
involving the IB. 
transitions inside the intermediate band, while the spectrum of the 
host chalcopyrite begins at the theoretical value of the band-gap. 
Even though the overall absorption spectrum of Cu4TiGa3Sg is no 
greater than that of the CuGaS2, we get a significantly higher 
absorption for energies lower than about 4 eV Bearing in mind 
that the most intense part of the sun's emissions are in the energy 
range of 0-5 eV, this gain in the absorption should be considered 
as a promising result. This is important, since it is the aim of the 
intermediate-band solar cell concept. 
4. Conclusions 
In summary, we have presented results concerning ab-initio 
properties and optical spectra for two interesting photovoltaic 
materials: the semiconductor CuGaS2 and the intermediate 
transition metal band material Cu4TiGa3Sg. The latter presents 
the desired enhancement of the absorption spectrum thanks to 
the use of low-energy photons on which the intermediate-band 
solar cell concept is based. We have also found the dependence 
of the optical properties on the polarization of the photons. 
In this work only interband and direct transitions are 
considered. Since we have carried out calculations on the 
phonon spectra of these materials we will be able to estimate 
the contribution of indirect transitions in further work. But as 
indirect transitions involve three particles, the contribution of 
these transitions is expected to be much lower than that of the 
direct ones. In any case, we expect to go further in our studies and 
carry out higher accuracy calculations of the optical properties. 
A partial study of the optical conductivity peaks has been 
done in the case of the intermediate-band material CiLtTiGasSs 
to understand the overall contribution of the intermediate band to 
the total optical properties. We see that the electronic structure of 
this material allows the absorption of low-energy photons that is 
forbidden in the host semiconductor, thus increasing the 
absorption coefficient in the main region of the solar spectrum. 
All the properties studied would be more valuable in 
comparison with experimental results. We believe that this 
work will help in the understanding of future experiments and 
we expect to have experimental results available soon. 
3.3. Comparison between Cu4TiGa3Sg and CuGaS2 
The effect on the optical properties of the Ti inclusion in the 
chalcopyrite semiconductor can also be studied by comparison of 
the Cu4TiGa3S8 spectra with that of the CuGaS2. In Fig. 4 we 
present the average of the two components of the absorption 
coefficient and reflectivity of both compounds. In this case, no 
scissor operator is applied. As we can see, the absorption of the Ti-
substituted alloy begins at almost zero energy, as a consequence of 
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